1 FAST SYMBOL SYNCHRONI ZER Fi el d of the Invention [0001] The present

i nvention generally relates communi cation systens. In particular, the
invention relates to a system and nethod for inplenenting a fast synbol
synchroni zer using both feedback and feedforward structures in
communi cati ons receivers. Background g{ the Invention [0002]. Data recovery
of transmtted comruni cation signals digital receivers typically
require the inplenentation of at |east three processes: 1) timng recovery
for synmbol synchronization; 2) carrier recovery; and 3) equalization.
Timing recovery is theF#SE MQM\S&FNG‘HR&EEZE& clock is synchronized
to the transmtter clock. Thus permtting the received signal to be
sanpled at an optimum point in tine to reduce the chances of errors being
associated with the retrieval of the data as well as the processing of the
recei ved symbol val ues. In sondi¢ldeoéthedngentionhe recei ved signal is sanpl ed
at a nultiple of tge transnmtted synbol rate. For exanple sone recgivers
sanpl e the r 0081l Ehe sprgsemt wpventign: @engrally rglalesi corRMURBIGHINS SYSigns.
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desi gned for mul taneous “fast timng acquisition and [ ow resi dual
ti m ng phasecghmahich®nkesRpREes. This is true particularly for receivers
that are based on feedback | oop principles. [0004] The two requirenents of
.fast timng acquisition and |low residual timng phase error are mandatory

for "bursty" communication systens which 2
ackground of the Invention

[0002] Data recovery of transmitted communication signals at digital receivers
typically require the implementation of at least three processes: 1) timing recovery
for symbol synchronization; 2) carrier recovery; and 3) equalization. Timing
A recovery is the process by which the receiver clock is synchronized to the
transmitter clock. Thus permitting the received signal to be sampled at an optimum
point in time to reduce the chances of errors being associated with the retrieval of
the data as well as the processing of the received symbol values. In some receivers,
the received signal is sampled at a multiple of the transmitted symbol rate. For
example some receivers sample the received signal at twice the transmitter symbol
rate. The sampling clock of the receiver must be synchronized with that of the

transmitter.

[0003] Many existing timing recovery modules or sometimes referred to as symbol
synchronizers in communications receivers, are not designed for both simultaneous
fast timing acquisition and low residual timing phase error performances. This is

true particularly for receivers that are based on feedback loop principles.

[0004] The two requirements of fast timing acquisition and low residual timing

phase error are mandatory for “bursty” communication systems which




intermttently transmt and receive short data packets, such as

Ti me-Division- Miltiple-Access(TDVA) based systens. Failure to address
these requirements wll degrade the receiver's Bit Error Rate (BER)
performance causing the receiver to fail conpliance tests during product
qualification trials. [0005] In conmunjcation systens design, having a
synbol synchroni zer to sinultaneously achieve fast tining acquisition and
| ow residual timng phase error performances, often requires the trading
of f of | ow red¢rdutientlyi mfansmir ansh reeive fshett ddta miapkpts cepeh sast Tone-Divisinough t he
final design naéﬂ§till meet mni mum specifications, this however has the

effect of colprBRicsA¢rgssHONAY diased systemer diallupeR adsisess Shesa reguitsmenéoul d

di sadvant ageousl.y result in g inferi C ni cati on syste design, [0006]
Synbol _synchPahfcesde e ecptighs Bt Rate Gk Resomasnce cisme by &<Pifbiong
fromthe | owgo .ad] I - .advanced satellite

recei vers. ﬁ]aﬂt%}a%p?aﬁgéo%%ﬁpéggk%auést%%ﬁf%tﬁgg?%gi s segnented i nto packets
each conprising three main parts: a preanble (or training) sequence, a
header (systemcritical information), and an information (or data)
sequence. Thpopslehirdotmm@ictrion esysadntid efesigns PACiIhgl a NGMbes esynchichizgeawence
for the receiver to achieve fast timng acquisition. Timng acquisition is
used t o descsiithdtanequskycashievb fastindhg advpistjorbaid kynoehidoali treing rphpsed byyor
transitions from an unsynchronized state to a near, SYI’[ChI‘OI’li zed state.
Once timi ng BEEUMEnegsopitep Jequreanhe dndiag affef dew apsidyal Wiming prockudfasth
~decode the header and.then, subsequently . the information sequence. [0007]
The t nf or mat N EAGREHieR: AT G0 beia oy a1 Gt BRIy eGP oe,
video or ot hgg, dahaen R AotV SodBeagliag e LAY PdoLhE BYRDO
synchroni zer w |1 al'so continue to corre and®mni mze any residual timng
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first perforns fast timng acquisition during the preanble sequence while
attenpting tdesigaduce the

[0006] Symbol synchronizers are found in all communications receivers ranging
from the low-cost Bluetooth radios to high-end advanced satellite receivers. In these
communication systems, data is segmented into packets each comprising three main
parts: a preamble (or training) sequence, a header (system critical information), and
an information (or data) sequence. The preamble sequence carries a special non-user
bit sequence for the receiver to achieve fast timing acquisition. Timing acquisition is
used to describe a process by which the symbol synchronizer rapidly transitions
from an unsynchronized state to a near synchronized state. Once timing acquisition
is established, the receiver will proceed to decode the header and then subsequently

the information sequence.

[0007] The information sequence contains user data payload which may be voice,
video or other data information. While decoding the payload, the symbol
synchronizer will also continue to correct and minimize any residual timing errors
associated with each data bit. The symbol synchronizer essentially first performs

fast timing acquisition during the preamble sequence while attempting to reduce the




3 residual timng error for the remaining information sequence so as to
achieve an overall superior Bit Error Rate (BER) perfornmance. [0008] Many
synbol synchronization techni ques have been devi sed by researchers over

t he decades and may be broadly classified into feedback and feed forward
configurations. [0009] In feedforward structures, the synbol synchronizer
first enploys atimng estimator for estimating a synbol timng error
during the preanble sequence and uses that information in concert with an
i nt er pol at or r¢sgluebtipéngs etrer {drethe eemaiving inflamaticasquescef sor agt tariacigever amor .
Sonme variants of this technique may also require significant nenory

st orage buf f everall gupesigr Bifi BrrrrRae BERyperfaamenceThe main  advant ages of
feedf orward configuration are fast timng acquisition and the absence of
any feedback-related problens due to "cycle slipping" and "fal se | ocked".

It however from.t he in.drawback. of poagner trackin er f.ormance.
an oxanpl e B00pHMany SEEOL Bt iR R Qs B R g TR 0 PR R
"Digital fil Wag ver e By H 3

Transacti on SrCchamist R thkTHOO 880 e in) Ak S B ERd
performance egsidubftions a | arger residual timing error due to its inherent

| ack of tracking capability. [0010] The inability of a feedforward based
synbol synchronizer to track timng error resulted in a synbol

synchroni zer that cannot adaptively conpensate for timng drift due to the

possi bl e frelf989kyn fredfrawerd sructyrah She symbolagyachionigey st comdoys atisirg As

such, feedforward based.synbol synchronizers are frequent] enpl oyed when
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Header contains inportan
significant memory storage buffers during this processing stage. The main

advantages of feedforward configuration are fast timing acquisition and the absence
of any feedback-related problems due to “cycle slipping” and “false locked”. It
however suffers from the main drawback of poorer tracking performance. An
example of this class of synchronizer is described in publication “Digital filter and

square timing recovery” by H. Meyr et. al. IEEE Transaction on Communications,
timing error due to its inherent lack of tracking capability.

[0010] The inability of a feedforward based symbol synchronizer to track timing
error resulted in a symbol synchronizer that cannot adaptively compensate for
timing drift due to the possible frequency mismatch of transmitter and receiver
oscillators. As such, feedforward based symbol synchronizers are frequently
employed when preamble sequences are very short and when the header containing
system critical information has to be rapidly decoded without error in a very short
time frame. It should be noted that the critical information is normally sandwiched
between the preamble sequence and data sequence. The Header contains important

system critical parameters for receivers to know in advance of information related

Vol 36, May 1988. The poor fracking performance results in a larger residual




systemcritical paranmeters for receivers to know in advance of information

related 4 to payload, such as nodul ation, error correction, packet |ength

etc for proper receiver functioning. If the critical information is not

decoded in tinme, the received data packet has to be abandoned and

comuni cations may fail to take place. ,[0011] In a feedback configuration,

the synbol synchroniser utilises a f eedback ~mechani sm based on

phase-1 ocked-1oop (PLL) principle to reduce the timng error of the

recei ved syntiol sayldedi, ssuchrdsi modalbtien drmopi walettjorn; qrapkdtsiesgth dt¢ dom gragrer or

detector, a loop filter and an interpolator connected in a feedback- nanner

for conpensae¢aingr fmctioningi ethie syitiesd informasionds met dedodedhip dme e reosiyed

met hods have _ been wi dely published an exanple of which is in the

publ i cati on "daj pokglhasdkbe WWH@@“%&P%%‘E%‘BFS P8y f%g'ﬁﬁ P%8cei vers” by

F.M Gardner, |EEE Transaction on Conmmuni cations Vol. COM 34, No 5, MAY

1986. This nmethod has the advantage of good tracking capability for
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w th feedback based synbol “synchronizers is the inferior timng

acqui si ti on perthermedical dupabbdle. Thiswcordipurasiou etypicaliyi rengfriseeaedibpiok droops.
This has the potential effect of affecting subsequent data detection
processes. Fuletdstarmer bopf Bletbaisk ag dnternglater icomnsciedvia »desdbrgkomsntss fogyf f er
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conpare to preanblfe an
on Communications Vol. COM-34, No 5, MAY 1986. This method has the

advantage of good tracking capability for minimising effects due to timing phase
error or drift; low latency due to the minimal use of storage buffers during

processing; and low implementation complexity.

[0012] However, one main disadvantage associated with feedback based symbol
synchronizers is the inferior timing acquisition performance due to slow recursive
nature of feedback loops. This has the potential effect of affecting subsequent data
detection processes. Furthermore, feedback configurations have been known to

suffer from “hang up” phenomena resulting in a sequence of fatal bit errors.

[0013] While each of the feedback and feedforward configurations are capable of
partially solving problems with the two conflicting requirement by tweaking their

design.

[0014] Feedforward symbol synchronizer attain lower residual timing errors during
payload by buffering larger number of signal samples (compare to preamble and

header sequence) during the payload sequence before computing the timing estimate



header sequence) during the payl oad sequence before conputing the timng
estimate 5 and correcting the error. This can be done by having two sets
of buffer with different size. One buffer of snaller size will be used
during the preanbl e/ header sequence for achieving fast but coarse timng
acquisition, while the larger buffer i used for payl oad sequence it is
slightly less tine critical. [0015] ver, thereis alimt to the size
of buffers used during the payload sequence, depending on the maxi num
syst em | at enayd chmdctingahe emer.vdthic am tbel dmathy. having awgesetd wf feauffevoathd

di sadvant ageously nmean a Ionfger processing time, thus hindering the proper

reception of diffesensgiren©Onpdukier of shalder aizel wilhb¢ wsathdwingsthatispaneielbesdeni zer
faster acquisition perfqormance can be inproved hy having two sets of |oop
filter coeff STIUERCSIOT ﬁh&‘?‘ﬂ’@ qshgﬂbc%wg iaﬁ‘iﬂlsm%‘hé’va@k’ttgﬁaar%‘?rjl“%%ﬁb%t ed
coefficients i re-loaded into .t he | filter.tp enable the

phase- | ocked-ufeglo%f P@'W%ﬂﬁ?@%dﬁ'§Sﬁ$}88’3855tt8m[‘f{ém§?eady state. Wen the
receiver is about to receive the user payload, the second set of
coefficients are loaded into the l|oop filter. The two sets of coefficients

will thus al [goasf PRwWRkb:, ttRer8GRIaeNBitao! A¥RIze sfemiffiahus@l bading FROpaloddovever
even with the first set of loop-filter coefficients, the PLL nay not be

abl e to | ock s¢qupnat] epdtiding on tticemaxkimurre sysesn dtetidyathguthit péedven cemtoieratthere i s
also alimt to how fast the timng acquisition can actually be achieved
via the firs®A lagyr biffer owpulfli disadvaniegeduslyi esan dubonger prrcessitgetiglg: tBiunsy
and unreliable feedhack nature of PLL timng acquisition. [0018] It can
thus be seenhindgfing Hiermsopsriregeptign QEspse@HenEPEKES e and robust way for a
system and nmethod for inplenenting a fast synmbol synchronizer that can
overconme or at least alleviate the disadvantages of the existing prior

art. 6 [0016] In a feedback symbol synchronizer faster acquisition performance can be
improved by having two sets of loop filter coefficients. During timing acquisition,
one set of pre-computed coefficients is pre-loaded into the loop filter to enable the
phase-locked-loop to lock rapidly closer to the steady state. When the receiver is
about to receive the user payload, the second set of coefficients are loaded into the
loop filter. The two sets of coefficients will thus allow the PLL to achieve a lower

residual error.

[0017] However, even with the first set of loop-filter coefficients, the PLL may not
be able to lock rapidly due to the occurences of “hangup® phenomenon. There is
aiso a limit to how fast the timing acquisition can actually be achieved via the first
set of loop filter coefficient due to the inherent clumsy and unreliable feedback

nature of PLL timing acquisition.

[0018] It can thus be seen that there exists a need for a simple and robust way for a
system and method for implementing a fast symbol synchronizer that can overcome

or at least alleviate the disadvantages of the existing prior art.




Summary of the Invention [0019] The present invention seeks a system and
nmet hod for inplenmenting a fast synbol synchronizer. [0020] Accordingly, in
one aspect, the present invention provides, a systemfor fast symnbol
synchroni zation in a conmuni cations system the systemconprising: a timng
recovery nodul e adapted for receiving & data streamconprising a plurality
of synbols, the timng recovery nodul e further adapted for inplenenting a

f eedback al gorithm for producing a plurality of timng recovered synbols; a
timng estimator adapted for Sopneweofihedneentierdf orward al gorithm for
estimating an estimated timng error fromthe data stream and a formatter
adapted for producing an initialization value fromthe estimted timng
error; wher eforw?]hgh‘? IDESSRBL Fvepily secke @y demernd; method fr implementing & fash val ue
for inplenenti t he feedback al gorithm for producing the plurality of
tining recovgf%g‘% S§9ﬁH8T"§?r10021] I n anot her aspect, the present invention
provi des, a nethod for fast synmbol synchronization in a comrunications
systemusing a timng recovery nodule adapted for inplenenting a feedback

al gorithm f otoom]oszklé@&raglg@ Rh Wn! dsh¥ctOthel prEkdld invREiBN Pr&HISY APSsRnA T @
timng estimator adapted for inplenenting a feedforward afl gorithm for

estimating afasesgmbdtsgachromivatibneinaconirhiivdtioas sy, tHakystah cempiisihfe
met hod conprising the steps: a) receiving input data streanm b) _
i mpl enent i ngaéinfiegrttovanampdalegdapted fartrecepringial dea atrems tcomptisidg @iphimatjtyer r or
fromthe i npu)%I data stream. c) generati nla an intializatjon \Il)?l ue for timng
recovery by PheYibgisndhe daBing fpeovrsy umadyle  fngherhadapsed ot dmplemanHBe & ror ;
and feedback algorithm for producing a plurality of timing recovered symbols;

a timing estimator adapted for implementing a feedforward algorithm for estimating

an estimated timing error from the data stream; and

a formatter adapted for producing an initialization value from the estimated timing

error;

wherein the timing recovery module receives the initialization value for

implementing the feedback algorithm for producing the plurality of timing recovered

symbols.

[0021] In another aspect, the present invention provides, a method for fast symbol
synchronization in a communications system using a timing recovery module
adapted for implementing a feedback algorithm for producing a plurality of timing
recovered symbols and a timing estimator adapted for implementing a feedforward
algorithm for estimating an estimated timing error from the input data stream, the
method comprising the steps:

a) receiving input data stream;

b) implementing a feedforward algorithm to produce an estimated timing error
from the input data stream,;

) generating an intialization value for timing recovery by the timing recovery

module using the estimated timing error; and




7 d) inplenenting a feedback algorithmto produce an output data stream
using the initialization value. [0022] In another yet aspect, the present
invention provides, atimng estimator of a fast synbol synchronizer in a
comuni cations systemfor receiving an input data streamconprising a
plurality of received synbols and for éroduci ng an estimated timng error,
the timng estimtor conprising: a | C processor for performng an
arctangent function to generate the estimated timng error; a first
processor path fommplewentingng fegdbackralgaiikmig paoduce ap leatpat clatposireemt UHig t he

i nput data stream .and a second processor path for receiving and processing
t he quadr at uths-IpHHEtiopyalenent of the input data stream Brief Description
of the Drawi ngs [0023] A present enbodi ment of the present invention wll
now be nore fully described, with reference to the draw ngs of which:

[0024] FIG 1 %%](“ i P ] Ihifle S HAHCE Wi th
the present [dg%%]ggﬂ; Elrrl?a&nttﬁér }%63 ﬁgﬂ%ﬁ%&?ﬂ Igg%l{rugggz&ga I’gptgmggagram of a
timng estimatps sphbdlRens6hiesn iafa collrfuntcatiofd ket 163 ?ecéik/h%%hriﬁétﬁsdaﬁi bl ock
diagram of a timng recovery nodule of the system of FIG I, 8 [0027]
FI G 4 il ust siadads camptising agilaglignofeceivéd syinttgleatdfor peddeingr améstinkated i mi ng
recovery nodule of FIG 3; [0028] FIGS5 illustrates a block diagramof a
| oop filter tMmingesrar,thefgmngesimmpipr comprising: '

a CORDIC processor for performing an arctangent function to generate the

estimated timing error;

a first processor path for receiving and processing an in-phase component of the

input data stream; and

a second processor path for receiving and processing the quadrature-phase

component of the input data stream.

Brief Description of the Drawings
[0023] A present embodiment of the present invention will now be more fully

described, with reference to the drawings of which:

[0024] FIG.1 illustrates a block diagram of the system in accordance with the

present embodiment;

[0025] FIG.2 illustrates a block diagram of a timing estimator of the system of

FIG.1;

[0026] FIG.3 illustrates a block diagram of a timing recovery module of the system
of FIG.1;




nodule of FIG 3; [0029] FIG 6 illustrates a bl ock diagramof a Nunmerically
Control Gscillator of the timng recovery nodule of FIG 3; [0030] FIG 7
illustrates a graph showing the relationship between a fictitious time-
continuous nco(t) and tinme; [0031] FIG8 illustrates a graph show ng the
rel ati onship between fractional interval and the estimated timng error;
[0032] FIG9 illustrates a flowchart c§f a nethod in accordance with the
present enbodinment; [0033] FIG 10 illustrates a flowhart for a generating
initializati962%aFle4 stlegratds a blaekHiagiad ¢foD8@ingRér@r detectar| efstheatiminga
flowchart for an inplenentin% feedback algorithmstep of FIG 9. Detailed
description ’i?PO‘t"fﬁléHDdalﬁjorf&G[ ©®035] A system and nethod for inplenenting a
fast synmbol synchronizer with a preferred enbodiment is described. In the
follow ng description, details are 9 provided to describe the preferred
and the alte e ' : e r %nﬁﬁ% i,h the
art, homeverlrotaﬁézlt quﬂgé\}g&%ﬁ%%&ﬁ%cﬁ%ﬂgrgﬁl?c dﬁﬂ\%\ﬁ %ﬁg&gtq suc lr(lffg)'?%' | s.
Sonme of the gghaklosFr@y: not be described at |ength so as not to obscure
the invention. [0036] The present embodi ment proposes a system for fast
synbol synchroni zati on capable of rapidly perform ng "phase | ock"” to
decode system critical information in the header sequence but al so
continue to [002HcRIGAt illustrates a eckidiagrati ofi aRjureerically GionfrayOpeillatondf the0037]

Referring to FIG 1, a system 10 for fast symbol synchronization in
timing recovery module of FIG.3; )

[0030] FIG.7 illustrates a graph showing the relationship between a fictitious time-

continuous nco(t) and time;

[0031] FIG.8 illustrates a graph showing the relationship between fractional

interval and the estimated timing error;

[0032] FIG.9 illustrates a flowchart of a method in accordance with the present

embodiment;

[0033] FIG.10 illustrates a flowchart for a generating initialization value step of
FIG.9; and

[0034] FIG.11 illustrates a flowchart for an implementing feedback algorithm step
of FIG.9.
Detailed description of the Drawings

[0035] A system and method for implementing a fast symbol synchronizer with a

preferred embodiment is described. In the following description, details are



accordance to the present enbodi nent conprising a timng estimator 30 and a
timng recovery nodul e 20, both adapted for receiving an input data stream
5 conprising of a plurality of received synbols. The timng estinmator 30
receives the data streamand inplenents a feedforward al gorithm for
estimating an estimated n timng errog r 35 fromthe input data stream 5.

[ 0038] The system 10 further conprises”of a formatter 50 which is adapted
for producing an initialization value nco_initial 55 fromthe estinated
timng error progded fto alestrite thenpmafpredt andatler alB@nat CAFBinTdne | Hi shadll beat i on
value nco initial 55 is then fed back into the timng  recovery nodul e 20.
The tining r &PBYERY tawaeskilled in tha arie ReWeisr dhatelhg iardation 48ayd baryesticehm

e

timng recoxfggggcuw{ﬁgq% ntigf?e timng recovered synbols are then sent to
subsequent stages 1n the conmuni cation system for denodul ati on and data

recovery. 10 [0040] In the present enbodinent, the timng estinmator 30,
the timng recovery nodule 20 and the formatter 50 all operate on a T/2

archi t ect ur e.[o0Bep Thest prigbekd  emboldiineadVv prbpgesusd ysadsmsunier | €58 pewiol t han a
conventional system which uses conventional timng estinmator based on T/4
ar chi t ect ur e syncheonigatianmeapableeof yaridly perforeling [‘pliese ]| lodhieto dewide esystkan a
stream5 nmay be represented by a conplex signal r(t) = x(t - z)e m+ n(t)
(a) where r(fijical ipformption jn dyer header) sequprcecbut| glso) caminue dpt jiragkeOWtn-thhase

and quad at ur.e, £OTROREILE, Bk SefiS0E! ox 51 gnal

[0037] Referring to FIG.1, a system 10 for fast symbol synchronization in
accordance to the present embodiment comprising a timing estimator 30 and a
timing recovery module 20, both adapted for receiving an input data stream 3
comprising of a plurality of received symbols. The timing estimator 30 receives

the data stream and implements a feedforward algorithm for estimating an estimated

timing error 7 35 from the input data stream 5.

[0038] The system 10 further comprises of a formatter 50 which is adapted for

° A
producing an initialization value nco_initial 55 from the estimated timing error 7 35

from the timing estimator 30.

[0039] The initialization value nco_initial 55 1is then fed back into the timing
recovery module 20. The timing recovery module 20 implementing a feedback
based algorithm utilizes the initialization value nco_initial 55 together with the data
stream 5 to produce an output data stream 27 comprising of a plurality of timing
recovered symbols. The timing recovered symbols are then sent to subsequent

stages in the communication system for demodulation and data recovery.




respectively. [0042] A square-root-raised-cosine filter (SRRC) is a shaping
filter coomonly found in many Phase- Shift-Keying (PSK) based receivers. A
recei ved conplex signal fromthe SRRC shaping filter may be represented
by: x(t) _ an P(t - nT) (c) M= where an is the conplex PSK synmbols with
abs(am) =1; 0 is receiver phase offseltl p(t) is the raised cosine filter;
tiE (T/2, T/2) is the synbol timng de Qy and n(t) is conplex AWGN noi se.
[0043] The timng estinmator 30 is thus able to estimate the actual timng

delay i by [0940igln ke pivowre enbadiments theCimiigdestintagprs30ythe rgniof redvyerynput
data stream5 at twice the synbol rate (t= kTs)r where Ts is the sarrpllng
dur ati on T/ 2modhle 20; aridnige fe@natﬁ:aé@rallamem@ obar FEprickitgstuse Bye system P ar

kT zZ k" + R KT r* 1 T ~ k=1 1 R h

r eal epart of W&MF"&%W&“% €53 EOWW(e&‘ﬁ%ﬁt?QPV%‘%IOE%,}meg}S@ "e"géglﬁg%ﬁtjr ieng
th t t Th

L, <SRRI Sl e, AL LRI £ L NEST

ar ct angent 8% rator can be efficiently inplenented by using a CORDIC
processor. [ 4] Referring to Equation (d), there are two main terns
involved in a sunmation process. This summati on process nmay be achi eved
using an adder. In the first term there is a product of an

absol ut e- squpooet] The recaived datactrpdre$ mayplocveptesaiied tiyea comfdepsigoilng on val ue
of k, the conplex exponenti aI product exp(jkn) is evaluated into 1 and -1
which are inter pr efidd M- Dl yn® nver si on.  The absol ute- squar & jr(kTs) 12

term may be %lven as rl(k)2 + rQk)2, can be designed with two
. WNEre

r(t) = n(0) + jr,(t) (b)
where r(t) and ry(t) are in-phase and quadrature components of the complex signal

respectively.

[0042] A square-root-raised-cosine filter (SRRC) is a shaping filter commonly
found in many Phase-Shift-Keying (PSK) based receivers. A received complex

signal from the SRRC shaping filter may be represented by:

x(t) = iam p(t —mT) ©

m=—ao

where a,, is the complex PSK symbols with abs(a,) =1; ¢ is receiver phase offset;
p(t) is the raised cosine filter; te (T/2,T/2) is the symbol timing delay; and n(t) is

complex AWGN noise.

[0043] The timing estimator 30 is thus able to estimate the actual timing delay T by
using the above equations. Considering sampling of the input data stream 5 at twice
the symbol rate (t=kTs), where Ts is the sampling duration T/2, the timing

estimator 30 may be represented by:

’/L\’ -1 2L
I Earg{g{[

O e + Re[r (KT )r (e - DT e 740" | @




multipliers and an adder. The resultant product for the first termis
therefore a real nunber. [0045] In the second term there are two products
conprising a conplex exponential and a conpl ex-conjugate nultiplication
with only a real (Re) part considered. The conpl ex exponential is reduced
into j*exp(jklr), or j and j. Note t ﬁa at each kth instant, the signs of
the two conpl ex exponential are the s . The real part of

conpl ex-conj ugate product is readily re-expressed as rl (k)* rl (k-1) +
rQ(k)* rQ (k-1) and can be designed with two nultipliers and an adder.
[0046] The timng estimator 30 of the Pr esent enbodi nent is based on that
of prior arWhaessRefl iatler reef partate complasenumhees and Ltip shepnwnbes afi ymlsls Seung
Joon Lee, "A w Non- Dat a- Ai.ded Feedfgrward Symnpo| Tinm ng Estimator using
two sanpl es uﬁ@f Wingothe-esimepen Erefehi thit PRFAIOL epige (FEUEHt, &, ARBNEN Ry
2002. [0047] I t I . a, block di agr.am show n n i,npl enent ation
of “an " embourRne Gt ik el el 3t e fetndgh RLNEHIM: Aokl AP SR
functi on may i SRR Her he tim ng

esti mat or 300§§rat%ﬁga%?§e)§ent Hgg%g%lnﬁgnt o%ﬁ%ﬁggﬁm%g%gsggsor pat hs.
[0048] A first processor path for receiving and processing the in-phase
conponent rl (k) 5a and a second processor path for receiving and

processi ng t [944juRdfeating & Eqhter (d)othpereatwe Qak) tefis infolvékinr e senmetibn nput
data stream 5. [0049]1, The first processor path conprises a first delay

el enent 205 REPFRFg ARIS| pURationoprogess angy g achievédhupnmee addarponethe firs( k) 5a.
The out put 205a 205 is coupled to a firs

f the fi d
mul tiplier 2% %?’Féé ilg-arflﬁra‘i‘tépt ﬁ%ﬁx}gﬁlﬁ%{t{@}e%gn&an@ %IPPWB‘EXC%B?@&EIIE o the
st ULt ol Ciipl ! e e
and the. out piitiino2kBepdiis I bER, A8 Shnele clBaBRAT oG RRRPIRD 1L °
del ayed by t P& {diSntde! &Y -9/ $HER tare BRerpreted as a sign inversion. The absolute-

squared |r(kTs)[* term, may be given as ry(k)* + ro(k)%, can be designed with two

multipliers and an adder. The resultant product for the first term is therefore a real

number.

[0045] In the second term, there are two products comprising a complex
exponential and a complex-conjugate multiplication with only a real (Re) part
considered. The complex exponential is reduced into j*exp(jkn), or j and —j. Note
that at each kth instant, the signs of the two complex exponential are the same. The
real part of complex-conjugate product is readily re-expressed as r; (k)* r; (k-1) +

ro(k)* 1q (k-1) and can be designed with two multipliers and an adder.

[0046] The timing estimator 30 of the present embodiment is based on that of prior
art design and reference may be made to the publication by Seung Joon Lee, “A
- New Non-Data-Aided Feedforward Symbol Timing Estimator using two samples

per symbol”, IEEE Communications Letters, Vol.6, No.5, May 2002.

[0047] Referring to FIG.2 a block diagram showing an implementation of an

embodiment of the timing estimator 30 is shown. The arctangent function may be



[ 0050] A second multiplier 220 is coupled to two inputs of the in-phase
conponent ri (k) 5a, thus effectively produci ng an output 220a of the second
mul tiplier 220 equal to the square the value of the in-phase conmponent

ri (k) 5a. [0051] The second processor path conprises a third multiplier 250
for receiving two inputs of the quadﬁgture-phase conponent rQ k) 5b. The
out put 250a of the third nultiplier i'S thus the square value of the
guadrat ur e- phase conponent rQ k) 5b. [0052] The second processor path
furt her conpiinpkmenfedsbyseCORDIMprayesedreX8OntTh2 4ining ostimatoed ¥ phthetfresenhput  of
t he quadrature-phase conponent rQ k) 5b. The output 240a of the second

del ay el ementenbedinment gomprisgscavosprgerssorgiathshe i nput quadr at ure- phase
conmponent rQ k) 5b. The output 240a of the second delay elenment 240 is

then coupled to a fourth multiplier 245 which is further coupled to receive

her i d - phase. , b T :
o ner ourlosd] A BURSR S5ls POSRESTRRIB L% B BpofLeompbant 2450
dr at - - .
Component -+ QLR Bheet g B e B sPURGR Y R S e aReee

210a of the fﬂhas%tcomﬂohisﬂdﬂdif) BT thSrecalvel Bfhut dutasttdanss. adder 215 for
adding to thé output 245a of the fourth nultiplier 245. [0054] The out put

250a of the third nultiplier 250 is coupled to a second adder for adding
to the output of the second nultilpier 220. The output 255a of the second
adder 255 i s [¥8bIThe first pro¢dssenpathitamprisees fipggeky clamant LB Daviee 0 1WUh set

| 265 f ul tipl 265. Th i i.th 1 - d i
value 26ce Lo S MULLR SIOE 2o e 0L VALt SOSI S 5 el
. [0055],Th .val .S f . l. i It i:pl i
R B S st e e & S S

225a of the fyrther coupled to the first multiplier 210 for multiplication of the in-phase

component r(k) 5a and the output 205a which is the previous in-phase component

(k) 5a delayed by the first delay element 205.

[0050] A second multiplier 220 is coupled to two inputs of the in-phase
component ri(k) Sa, thus effectively producing an output 220a of the second

multiplier 220 equal to the square the value of the in-phase component ri(k) 5a.

[0051] The second processor path comprises a third multiplier 250 for receiving
two inputs of the quadrature-phase component ro(k) 5b. The output 250a of the
third multiplier is thus the square value of the quadrature-phase component rq(k)

5b.

[0052] The second processor path further comprises of a second delay element 240
for receiving the input of the quadrature-phase component rg(k) 5b. The output
240a of the second delay element 240 is a delayed signal of the input quadrature-
phase component rq(k) 5b. The output 240a of the second delay element 240 is
then coupled to a fourth multiplier 245 which is further coupled to receive another

input of the quadrature-phase component rq(k) 5b. The output 245a of the fourth




sixth multiplier 225 is then coupled to a third adder 230 for adding the
out put 225a of the sixth nultipler 225 to an output 235a of a third del ay
el enent 235. The third delay element 235 receiving input fromthe out put
of the third adder 230. [0056] The output 260a of the fifth multipler 260
is further coupled to a fouth adder %70 for addi ng the output 260a of the
fifth nultipler 260 to an output 275a of a fourth del ay elenent 275. The
fourth delay element 275 receiving input fromthe output 270 of the fourth
adder 270. [fQ&iflied 045 dutlpunuBdiratién blichd Quaddatdeltphase compoten? 3§karsd t he
out put 275a of the fourth delay el enent 275 are coupled to the CORD C
processor 28Withothe pprevionsriqugdraime-phaset eemyponent ah(&l bt dedayedThye theitdslay fr om
the CORDI C processor 280 is thus the estimated timng error r 35. 14
[0058] Ref er #lem§t%40FI G 3, the timing recovery module 20 further conprises
an interpolator 22, a timng error detector 26, a loop filter 25, a
Nunmerically Controlled Oscillator (NCO 24 and a Decinmator 21. [0059] The
i nt erpol at or r i t - - fJ Sl i<ty of
syrbol s and 165 PHEPHERL 216 OPUR Sl EAMONCCOTRS Mt & i B Y O
interpolatedﬁﬁﬁamgg%,aé(%& zhgabpﬂ@qggmﬁﬁﬁmgﬂ@riiyactional interval" at an
i nterpol ati on poi nt provided by the NCO 24. The interpol ation point from
the NCO 24 is based on a "fractional interval" control signal (k) 24a,
where k represents the kth interpolation point. [0060] This techni que has
t he advant agi9064] Tilewtane2 Wasifgne dandpheliiplisr 28Ads ceupteshioabsasond pddgs forg"

performance. The Interpolator is also operating at tw %ge% synbol rate
P

(T/2), the phdsing tortpe gtpuhpbsoieaenumyiiimier s2%3The R)‘tpiug%? thsrsecapds o
running at t éﬁc%ggégles SX{)‘fﬁgltto %?ﬁ‘%rrfl%l%?)gl%r]t 26-|(-th%r 'n{'utlt%l?ﬂgavtn ! azs%t %uet E&apr esent

enbodi ment i
from a multiplexor 265. The set value is either 1 or —1 and is controlled the

multiplexor 265 which is controlled by external control means.

[0055] The set value 265a is further coupled to a sixth multiplier 225 for
multiplying with an output 215a of the first adder 215. The output 225a of the
sixth multiplier 225 is then coupled to a third adder 230 for adding the output 225a
of the sixth multipler 225 to an output 235a of a third delay element 235. The third

delay element 235 receiving input from the output of the third adder 230.

[0056] The output 260a of the fifth multipler 260 is further coupled to a fouth
adder 270 for adding the output 260a of the fifth multipler 260 to an output 275a of
a fourth delay element 275. The fourth delay element 275 receiving input from the
output 270 of the fourth adder 270.

[0057] The output 235a of the third delay element 235 and the output 275a of the
fourth delay element 275 are coupled to the CORDIC processor 280 for performing

an arc tangent calculation. The output from the CORDIC processor 280 is thus the

estimated timing error 7 35.




design and reference may be made to the publication by F.M Gardner,
"Interpolation in Digital Modem - Part 2: |nplenentation and Performance”,
| EEE Transaction on Communi cations; Vol 41, No.6, March 1993. [0062] The
i nterpolator 22 nmay be based on a cubic polynom al function or a piecew se
parabolic function. In conventional pr@gtice, the parabolic function is
preferred over the cubic polynom al du€*to ease of inplenentation, while
mai nt ai ni ng performnce conparable with other interpolators. [0063] Wile
an i nterpol at po58]t ReferringotoaFlG.8gde fimirgbetowrf waeluleo D0 i farth&scompigel ex  t han
interpolators utilizing other functions, it suffers fromslightly poorer
per f or mance. intsxpelator 22 retimingreator dBERop26.falloomfitter 25 a NvendricaldsaControlled

i nterpolator is ,1115 still acceptable particularly for | ower orders of

modul ati ons. PrElAE Q¥pB) A apd 2 Rseimaensds t he best BER performance, while
offering the | east conplex inplenentation, uses the piecew se parabolic
function. Hence, the piecew se parabolic function is preferred over other
functions in t4 ' | especial ly for.l)

modul at 1 on o oSl TitsieReGE 22 el R s BE0S oin ol B e PR 5
instant to regduaRis ad Bb it Y 4 I S : X : /2
sanpling rate producing tllﬁl%ﬁgtust )Sll}?ﬁg gég%gérgfrsggl%%#%%sﬁ?%?&néﬁ%%hﬁ]edf
plurality of interpolgted esyaniesled23yikplts dhterpokiiipoh “fratinal Thiteroalt pat adat a
stream 27 conprising of a plurality of timng recovered synbols wll then
be sent to suitesppletmen poiagasovided benbd NGO 2h Hrdinderpalatier poértyfromTihe
decimator 21 js activated by an "underflow' control signal (UDF) 24b from
the NCO 24. NoO63f #reased wnng “Erptignal dnigpeby C%fqle%@?agé’s(k} aphhew) kty of
i nt erpol at ed Sﬁﬂb0|s %?.and qenerates an error signal e(k) 26a which

i ndi cat es wheCRESCUS S Kuri§iearoleiph PYiRbut data stream 5 is advanced or

del ayed relative to an opti num sanpling point.

[0060] This technique has the advantage of moderate design complexity and
acceptable “aliasing” performance. The Interpolator is also operating at twice the
symbol rate (T/2), the plurality of interpolated symbols 23 x(k) is therefore also

running at twice the symbol rate.

[0061] The interpolator 22 of the present embodiment is based on that of prior art
design and reference may be made to the publication by F.M. Gardner,
“Interpolation in Digital Modem — Part 2: Implementation and Performance”, IEEE

Transaction on Communications; Vol 41, No.6, March 1993.

[0062] The interpolator 22 may be based on a cubic polynomial function or a
piecewise parabolic function. In conventional practice, the parabolic function is
preferred over the cubic polynomial due to ease of implementation, while

maintaining performance comparable with other interpolators.

[0063] While an interpolator utilizing a linear parabolic function is less complex
than interpolators utilizing other functions, it suffers from slightly poorer

performance. However, the overall BER performance of the linear interpolator is




The opti mum sanpling point is the point at which the comrunications
receiver is synchronous to the transmtter sanpling point. Since the error
signal e(k) 26a is typically noisy, the Loop filter 25 is used to snoot hen
the error signal e(k) 26a producing a filtered error signal 8(k) 25a
thereby controlling transient response, An exanple of the timng error
detector 26 may be found in the publi cd?ion by F.M Gardner, "A BPSK/ QPSK
Ti m ng-Error detector for sanpled Receivers", |EEE Transactions on

Communi cat i onstjll Makptablepaduldsly. for 1okt dB&S.of ddAR6Ohs. Thke irtérpolacd thatr or
signal S(k) 25a is then utilized by the NCO 24 together wth the
initializatiogivesithgdesicBERmerfoamand, whdemofiaeng e fedst eomplex timplporestation, t he
"fractional interval!” control sjgnal (k) 24a. 16  [0067] Conpared.to,
traditi onal nb¥Sithe BiepoNiae Parabplic denctivns Hengee thsvRipsewiss harbrlle Tunptian isses

Anal og Di gi t a ter (ADO). .one key advant t this i tion-
paced ti mi'ng. PECSA et QUi HEHRE pratetial B cuaion Fsheitby 68 oo

where its sa i : to be adjusted synchronously to the '
transmtter’ sggsagfrrlgﬁ?ﬁ%@&%ﬁl%%%’ [0068] Referring to FIG 4, the timng error

detector 26 of the timng recovery nodule 20 is shown. The in-phase xi (k)
23a and quadrat ure-phase xQ k) 23b conponents of the plurality of

i nterpol at ed pged]joThe xiekimakz 2T és filash bWobiddeatt anvopEmusy itand abertiode 6. The
final output fromthe timng error detector 26 is the error signal e(k)
26a. [0069] Thlerditywhigtespolated dpmbels @3 x8) atdithsangdmgtrate modupasg theroutput

. processi ng théa plurality of .interpolated synbols x(k) 23. A first stage
processes t hedathstease’ sompysing ghthe plysalify of §mingregosednmbolagel probdsses

t he quadrat ur e: phage Xx ) ;23b, co nents. [0070], The fi.rst. stage of, the
timng error @E‘%eiﬁ% rougd'ﬁp%% giream 152)]? MRyt Olgﬁed}gwii%’ of ' timing recovered
symbols will then be sent to subsequent stages for demodulation and data recovery.
The decimator 21 is activated by an “underflow” control signal (UDF) 24b from the
NCO 24.

[0065] The timing error detector 26 receives the plurality of interpolated symbols
23 and generates an error signal e(k) 26a which indicates whether sampling of the
input data stream 5 is advanced or delayed relative to an optimum sampling point.
The optimum sampling point is the point at which the communications receiver is
synchronous to the transmitter safnpling point. Since the error signal e(k) 26a is
typically noisy, the Loop filter 25 is used to smoothen the error signal e(k) 26a
producing a filtered error signal 8(k) 25a thereby controlling transient response. An
example of the timing error detector 26 may be found in the publication by F.M.
Gardner, “A BPSK/QPSK Timing-Error detector for sampled Receivers”, IEEE

Transactions on Communications, Vol. Com-34, Bo.5, May 1986..4

[0066] The filtered error signal 8(k) 25a is then utilized by the NCO 24 together
with the initialization value nco_initial 55 from the formatter 50 to generate the

“fractional interval” control signal w(k) 24a.




405 in series wth a second delay el enment 410. The in-phase conmponent xi (k)
23a is sent to the first delay elenent 405 and the second del ay el enent
410. The output of the second delay elenment 410 is then subtracted from

t he in-phase conponent xi (k) 23a by a first subtractor 415 resulting in a
first subtracted output 415a. [0071] gut put 405a of the first del ay

el ement 405 and the first subtracted od put 415a are multiplied by a first
multiplier 420 to yield a result of a first stage output 420a. [0072] The
second stage [006Th€otipatadgoeraditiondb hewimierpslativh daseyl timing récoesryatetiiaqub

del ay el ement 425 in series with a fourth delay el ement 430. The

quadr at ur e- phBgeuses AnatyadyigighConvertentAD ) tine ke pdvanige af this éntemelatios and
the fourth deg%%/: el ement 430. The aqutput, of the fourth del aisg(eel ement 430
is then subt r 55 dIRGRCOREY dedemate s éhatﬁhaé‘éatﬁq@)nez%ow ¥ ﬁralts
subtractor 435 resul ti in a subt acte out 435 007

out put 425a of Iﬁgl tﬂ?‘a(gh%feﬁ eaﬁb é’ c ?ﬂfﬁgﬁﬂt% é g

out put 435a aggqul tiplied by a second nultlpller 440 to produce a second
stage output 440a. [0074] At a final step, the first stage output 420a and
t he second stage output 440a are added together by an adder 450 to produce
the desired timng error signal e(k) 26a. [0075] The delay elenents in the
timng error [Me68cReferrdtfy tr EFlGUbshaniniiap | errosidetdetr 26106 thieltiaing hecoseignal s
by one clock cycle which is half the sanpling rate. [0076] The Loop Filter
25 of the ti rﬁnﬁéulﬁé’é)okﬁe‘i’f@“mndﬂ?h@ inphassca(le$3s hed guadiaturesplgpsalxgk )236a
fromthe timng error pﬁ 26 and produces_a filtered error signal

8(k) 25a. [00 P‘F@P@r? Wyaltty fonterplated spmbeals gkl 23 fed iy thes tilmBigp| ed

to afirst rrul p(ie'teecrtor 26. The final output from the timing error detector 26 is the error

signal e(k) 26a.

[0069] The timing error detector 26 comprises two stages for processing the
plurality of interpolated symbols x(k) 23. A first stage processes the in-phase xi(k)
23a components and a second stage processes the quadrature-phase xq(k) 23b

components.

[0070] The first stage of the timing error detector comprises a first delay element
405 in series with a second delay element 410. The in-phase component x;(k) 23a is
sent to the first delay element 405 and the second delay element 410. The output
of the second delay element 410 is then subtracted from the in-phase component

xi(k) 23a by a first subtractor 415 resulting in a first subtracted output 415a.

[0071] A output 405a of the first delay element 405 and the first subtracted output
415a are multiplied by a first multiplier 420 to yield a result of a first stage output
420a.

[0072] The second stage of the timing error detector similarly comprises a third

delay element 425 in series with a fourth delay element 430. The quadrature-phase




505 and a second multiplier 510. A |loop proportional constant K1 and the
error signal e(k) 26a are nultiplied by the first nmultiplier 505 to
produce a proportional nodified error signal 505a. [0078] Another | oop
integral constant K2 and the error signal e(k) 26a are multiplied by the
second multiplier 510 to produce a integral nodified error signal 51 Ca.
The integral nodified error signal 51 is further coupled to a del ayed
signal adder 515. 18 [0079] The del ayed signal adder 515 adds the

i ntegral nodi k¢(EH2H8riscentstogtha lthisd dEmytebement d2§ ayd theaddehl delay clensingA20. 520a
to produce an_added error signal 515a. The del ayed added error signal 520a
i s a feedbackTht oytpat ¢fdhe fusthydplayselgmant 43055 thent subtradied, fiem heayadrelusgred by
an error delay, ele 520. The .error de)Jay el ement 520 is  thus coupled to
o out put of P Gkl b 6L et SHG ST SRR hserongr SybtEce auyha

si gnal adder . [0080] The proportional nodified error signal 505a and
the added error signal 515a are then added in a loop filter adder 530 to
produce the filtered error signal 6(k) 25a. [0081] The NCO 24 is adapted
to receive the inputs of the initialization value nco initial 55 and the

filtered erroporilgAadutpitkd25a5ef tHe Giaidedadye ele@nt 47564d GRRadecond bghitradled
control signal (k) 24a and also the "underflow' control signal (UDF) 24b.

[ 0082] Ref er routgutt 433al &8 GqultipleedNGOa 2dcondmuliipks 4t0ctonprodiicead decondfageoupl ed
to a nodul o-two accunul ator 650. [0083] The filtered error signal 8(k) 25a
and a nor mal i 94tp¥f 4¥8st ant 610 are added by the control addér 605 to
~produce a control word Wk) 605a. The normalizing constant in the present
enbodi ment has a value of 1.0. [0084] The control adder 605 is coupled to

t he nodul o-t o 650, | .o cumul at 6 ec@lves
t he input of V\?ﬂiﬁ c‘g{r:%l bg%los&v%)f g@e\&%‘&%%%”g‘ﬂ %td‘fzb\é\gn@ﬁle setord s%ge O%Qp de%Ra
are added together by an adder 450 to produce the desired timing error signal e(k)

26a.

[0075] The delay elements in the timing error detector 26 are substantially similar

and delay the signals by one clock cycle which is half the sampling rate.

[0076] The Loop Filter 25 of the timing recovery module 20 receives the error
signal e(k) 26a from the timing error detector 26 and produces a filtered error signal

(k) 25a.

[0077] Referring to FIG.5, the error signal e(k) 26a is coupled to a first multiplier
505 and a second multiplier 510. A loop proportional constant K1 and the error
signal e(k) 26a are multiplied by the first multiplier 505 to produce a proportional

modified error signal 505a.

[0078] Another loop integral constant K2 and the error signal e(k) 26a are
multiplied by the second multiplier 510 to produce a integral modified error signal
510a. The integral modified error signal 510a is further coupled to a delayed signal
adder 515.




generates the "fractional interval"” control signal (k) 24a to be used by
the interpolator 22 and al so the "underfl ow' control signal (UDF) 24b to
be sent to the timng error detector 26. 19 [0085] The nodul o-two

accunul ator 650 further conprises a control subtractor 615, a nodul o-two
nodul e 620, a sanpler 630 and a NCO register 625. [0086] The NCO register
625 receives a first input of the initi 8lization value nco initial 55,
this only occurs once for the initialization of the NCO 24. The
initialization value nco_initial 55 is then treated as a register stored
signal 625a from the NCO register 625 and sent to the control subtractor
615. [0087] Tlo®78Joihe delaywat signa]l kddeBOb5 ailds thedntegrabmbdifitd drrbrr signal B&0a wgi st er
stored signal 625a by the control subtractor 615 to produce a subtracted
control signap debysd addiseemersignnt t5dba o mreducesimaddedearsy gignal Bdpa.sebhe t o

t he nodul o-t uni 2 where the nmodul g-two function is perfaorped_ to

nmoni tor the \é\aﬂﬁYe&fcﬁdg‘GQ(?Hﬁf pignal 5@8@ ad Lflf@ﬂh%kf‘lfrt sriddereren wghat oded efteh. The
under fl ow congdj t.i op _ocgcurs en _the. .val.ue of_.the,subtracted,control.signal
6155 goes bl Hivibe P i AR AR sttt BiReR s2hr gk sk A5 SR SRS v
the NCO regis Vv I A e j

regi ster as tﬁglg rcggﬁlgtagg és?lt ﬁtﬁ%ﬂ g’?s}héapagg%g&kﬁxéggﬁf%e a?’g%?lgag{rmg% (lE)}?e ed
signal 625a i gela@disiprabiddet 913 he control subtractor 615, and the cycle
starts all over again. [0089] Wen the underflow condition is detected, the
nmodul o-two unit 620 sends the "underflow' control signal (UDF) 24b to the
timng error detector 26. The "underflow' control signal (UDF) 24b is also
sent to the sHfpllelThep@portisaalsnadified errgstignah 8A5s amdthe addertercerptignab 1 dahe
regi ster stored signal .625a and treats_ |t as.the "fractional |pterval™”
control si gna"f“e(ﬁ%)n ag@ﬁd i OP%?@E?Ffdaef 339 freprodics thgfiligr e‘?‘?.“?@b%]) 2Y%he

"underfl ow' control signal (UDF) 24b is al so used for strobing the

[0081] The NCO 24 is adapted to receive the inputs of the initialization value
nco_initial 55 and the filtered error signal 8(k) 25a to generate the “fractional

interval” control signal p(k) 24a and also the “underflow” control signal (UDF) 24b.

[0082] Referring to FIG.6, the NCO 24 comprises a control adder 605 coupled to a

modulo-two accumulator 650.

[0083] The filtered error signal d(k) 25a and a normalizing constant 610 are added

by the control adder 605 to produce a control word W(k) 605a. The normalizing

constant in the present embodiment has a value of 1.0.

[0084] The control adder 605 is coupled to the modulo-two accumulator 650. The
modulo-two accumulator 650 receives the input of the control word W(k) 605a and
generates the “fractional interval” control signal w(k) 24a to be used by the
interpolator 22 and also the “underflow” control signal (UDF) 24b to be sent to the

timing error detector 26.




deci mator 21 at near optimumtimng to yield the timng recovered synbols
of the output data stream 27. Note that the interpolator 22 still outputs
two interpolated 20 sanples per synbol as required for proper operation by
the timng error detector 26. [0091] The formatter 50 receives the
estimated timng error r 35 fromthe timng estimator 30 and generates an
initialization value nco_initial 55 fol9the tini ng recovery nodule 20. A
[0092] The formatter 50 detects the signs of the estimated timng error z
35 and conpupess]t Tiee nivdulatwe atduatulated 680 Higther Nohipiiseba dapendibitcir t he
signs of estimated timng error r 35. A[0093] If the estimated tim ng
error r 35 i s6lfosimdduy-twhmedolké20na simapler 630 and alCOeregisen62hi tial 55 wil |
be conputed based on a value that is twice the estinmated timng error 35.
A [0094] However, if the estimated timng error z 35 is negative, then the

ui co the 006 R0 RGE 23 rebetyes B wBhetad HEdT 23 0008,
If th ti d. ti g ' t.o. . t

il §zat Qoo 058 ot Barits oo Bt be SyEEpg 7P NGO Meudbe code
for the af or GARRLLARAalleTRbEMBY 85 M {rediod 4B feflster Yotedl SnEH2RSHIA! | OWS:

Alf r> 0 then
the NCO register 625 and sent to the control subtractor 615.

[0087] The control word W(k) 605a is then subtracted from the register stored
signal 625a by the control subtractor 615 to produce a subtracted control signal
615a. The subtracted control signal 615a is then sent to the modulo-two unit 620
where the modulo-two function is performed to monitor the subtracted control
signal 615a for an underflow condition. The underflow condition occurs when the
value of the subtracted control signal 615a goes below zero. The subtracted control
signal 615a is then sent into the NCO register 625 and overwrites the previous

value stored in the register as the register stored signal 625a.

[0088] The register stored signal 625a is again sent to the control subtractor 615,

and the cycle starts all over again.

[0089] When the underflow condition is detected, the modulo-two unit 620 sends
the “underflow” control signal (UDF) 24b to the timing error detector 26. The
“underflow” control signal (UDF) 24b is also sent to the sampler 630. The sampler
630 then samples and captures the register stored signal 625a and treats it as the

“fractional interval” control signal (k) 24a that is sent to the interpolator 22.

[0090] The “underflow” control signal (UDF) 24b is also used for strobing the
decimator 21 at near optimum timing to yield the timing recovered symbols of the

output data stream 27. Note that the interpolator 22 still outputs two interpolated




A nco initial = 2* z else if z <0 then nco_initial =2 + 2* z else 21
nco initial = 0 end [0096] In deriving the initialization value
nco_initial 55 generated by the fornmatter 50, the relationship between the
regi ster stored signal 625 and the "fractional n interval™ control signa
(k) 24a and the estimated timng error_z 35. [0097] Wen considering the
publication by F.M Gardner, "Interpoﬂ%&ion in Digital Modem- Part 2:

| mpl enent ati on and Performance", | EEE Transaction on Communi cations; Vol

41, No. 6, MarsamplddQdr syhdobud feaaairédforqiropdiCopetdtmt byothd! timinpteloy Aetecent r ol
signal (k) 24a may be cal cul ated fromthe content of the N regi ster 625.
[ 0098] Desi gri¥ti ng the NCO register 625 contents conputed at the kth cl ock
cycle as nco(k), and the NCO control word as WKk), the NCO di fference
equation in F.M Gardner's publication may be given as nco(k)
=[nco(k-1)-Wk-1)]nodl (1) [0099] However, the present enbodi nent was
nmodi fi ed sl i goad1y Efef ormatier ¥ reseimg the iestimiated tinting beonb dbefremutht i timng

| nstead of "nmod 1" operation, a "nod 2" operation is used, and the

nodi fi ed NCOeglimaer Sfcendegensrdtesnan dnitialigation riabiug nsp. initéd k) fordth¢ Kiming - W
(k -1)] nod 2 é%) ]%08%025 In the present enbodinment, the NCO 24 is

decr enent i ng "8Y9V6Wi RGO Y- ‘

[0092] The formatter 50 detects the signs of the estimated timing error T 35 and

computes the initialization value nco_initial 55 depending on the signs of estimated

A
timing error 7 35.

[0093] If the estimated timing error T 35 is positive, then the initialization value
nco_initial 55 will be computed based on a value that is twice the estimated timing

error 35.

[0094] However, if the estimated timing error T 35 is negative, then the

initialization value nco_initial 55 will output a value that is a sum of twice the

A
estimated timing error 7 35 and a constant value of 2.

» . . A 3 . .o, . - .
[0095] If the estimated timing error 7 35 is equal to zero, then the initialization
value nco_initial 55 is also equal to zero. A pseudo-code for the aforementioned

implementation of Formatter 50 is given as follows:
If 7> 0 then

A
nco_initial = 2% T

else if %< 0 then

A

nco_initial =2 + 2* T
else




m nor sinplification in conputing of the "fractional interval" control
signal (k) 24a. 22 [00101] The control word Wk) 605a which is likely to
be a positive fraction is adjusted by the timng recovery nodule 20 so
that the output of the interpolator 22 is sanpled at near optinmal timng.
Under | oop equilibriumconditions, the_ control word Wk) 605a will Iikely
be in close range of a constant val ue.2lin the present enbodi nent, with the
earlier nodification of replacing nmodl with nod2, the constant val ue the
control word Wk) e@®airizali= cl ose range with is the value 1. [00102]
Referring to FIG 7, 9raph illustrates a plot of fictitious tine-
continuous nco(t) versus continuous tine is extracted fromF, M Gardner's
publication. Referring to FIG 7, kTs is the tinme of a sanple clock pul se

i mredi ately preceding the kth interpolation time (k+u(k))Ts. The register
stored signal 625a decreases through zero at the interpolation tinme and
the zero crossing (resulting in the "underflow' control signal (UDF) 24b
bei ng acti vat[eadp] Heclerieing theminalzhtiothealaexto Hiba|SScgankmtedtbyt thadforkattey Ts.
The register stored signal 625a, nco(k) and nco(k+1l) are then avail able at
the next cl oW, dherdatiombirodptwespl the rrggisten stoped sfgnali 635 and tthe difigcéenal n
FIG7, it can be seen [3] that u(k) Ts _ (1-u(k))Ts ngo (77 2 -nco c+ 17
(3) which cantebel’sohtrelkigmal pi(kHaasd theleptimatad Gk erormo 86k ) 2- nco + +
nco -(k) (4) [00104] As estimate of u(k) 24a can be obtai ned by performng
t he indicated

[0097] When considering the publication by F.M. Gardner, “Interpolation in
Digital Modem ~ Part 2: Implementation and Performance”, IEEE Transaction on
Communications; Vol 41, No.6, March 1993, the extraction of the “fractional
interval” control signal p(k) 24a may be calculated from the content of the NCO

register 625.

[0098] Designating the NCO register 625 contents computed at the kth clock cycle
as nco(k), and the NCO control word as W(k), the NCO difference equation in

F.M. Gardner’s publication may be given as
nco(k) =[{nco(k —1)—W (k —1)]mod1 (1)

[0099] However, the present embodiment was modified slightly affording a
simplification to the above equation. Instead of “mod 1” operation, a “mod 2”

operation is used, and the modified NCO difference equation is represented by:
nco(k) =[nco(k —1)-W (k —1)]mod 2 )

[00100] In the present embodiment, the NCO 24 is decrementing allowing for
minor simplification in computing of the “fractional interval” control signal p(k)

24a.



di vision of the two nunmbers nco(k) and Wk) 605a that are both avail able
fromthe NCO 24. The above equation (4) is an estimte of the exact u(k)
24a because its constituents Wk) 605a and nco(k) are both estinates of
the true timng frequency and phase. 23 [00105] The division in equation
(4) can be further sinplified by approximting Wk) 605a with the value 1.
This sinplification is still able to hi eve successful | oop tracking
performance. This value of 1 occurs only during loop equilibrium In
general WK) [6@f®a] i S noTheauarbl wordlWiky 60%g vwiish s 0iRelyas GoiaSpdsithR friliase.
Therefore the final expression of the estimted u(k) 24a which will be used
by the interpohdused B thesimifg yecovayaikdulé 39 so [tixd xB6 putput ofiche thtdvpolatot ed
that the reason why the expression (5) can be wused successfully to

gener at e t he 2rictamed at mear oplimal Knime4a Under dopp pauikibrpumn pobditipes, thecause

the timng estimtor 30 of e present enbodi ment i s used in conjungction
with the ti m%@gﬁ?le%%ﬁéﬁg}r@@% WhtbEReR be i s s of nsaiant JaliboriVEF ue nco
initial 55 i i . engugh to."ju start”. the .timng recaovery

modul 6 201 il P FEIRE L (BertoPRashEp e Aiahened WIANARY, | .
met hod for fagd ssEhelal [ [ [ isGR BTgu ' using a
timng recoveryC nodul ea %%%egggtg@e‘ﬁ&?(ﬁ&l)ggﬁ%ﬁgﬁtl ngfag@% g@gg%%%%gﬁgéi ithm
for producing a plurality of timng recovered synbols 27 and a timng
estimator adapted for inplenenting a n feedforward al gorithm for
estimating te0168) i mat dkeferiing rig BIG.8r azergth flhstratan a plott of diztifiowst tieam

conprising a plurality of received synbols, starts with the step of
receiving 9 1@oa%nqqq§mco@t@rg45r sentimlous time is extracted from F.M. Gardner’s

publication. Referring to FIG.7, kT, is the time of a sample clock pulse
immediately preceding the kth interpolation time (k+u(k))Ts. The register stored
signal 625a decreases through zero at the interpolation time and the zero crossing
(resulting in the “underflow” control signal (UDF) 24b being activated) becomes
known at the next clock cycle at time (k+1)Ts. The register stored signal 625a,
nco(k) and nco(k+1) are then available at the next clock cycle.

[00103] Applying concept of similar triangles in FIG.7, it can be seen [3]

that
w(k)Ts _ (1-u(k)Is
nco(k) 2-—nco(k+1) G)

which can be solved for u(k) as

_ nco(k) nco(k)
u( k) = = 4)
2—nco(k +1)+nco(k) Wi(k)
[00104] As estimate of u(k) 24a can be obtained by performing the indicated

division of the two numbers nco(k) and W(k) 605a that are both available from the
NCO 24. The above equation (4) is an estimate of the exact u(k) 24a because its
constituents W(k) 605a and nco(k) are both estimates of the true timing frequency

and phase.




[ 00108] Next, the step of inplenenting 915 a feedforward algorithmto
produce an estimated timng error fromthe input data stream5 is
performed.” Follow ng which, an intialization value is generated 920 for
timng recovery by the timng recovery nodule 20 using the estinmated
timng error z 35. 24 [00109] Next the step of inplenmenting 925 a feedback
algorithmto produce an output data s3ream 27 using the initialization
value nco_initial 55 is perforned by the timng recovery nodul e 20.

[00110] Referppotog) t o FIThe9,divBRnStigP e@latigfNeNatchn Ib&20irtRE iRiplitiad | Bt i on
value nco initial 55 further starts wwth the step of receiving 1010 the
estimated ti mppwxinategr Bf(ky 685a vNéxtthe tvhlmei hi Thislsimplification dk wellnable itoi ti al
55 is set 1020 zero if the A estimated timng error r 35 is equal to zero
1015. |If howegkieve suseessBrl ilopn Backingrperformanes: rIdis ¥algs of  pesuirst onlg duGes, t hen
the initialization,value 55 is 1035 to twice the A estimted tinng
error r 35. Izl?oﬂ'u"cﬂ}dél : -tﬁe%efl?ﬁ%fﬁék)e&?%ﬂsB@eﬂgalﬁ%ééiwg ﬂi‘?ﬁ)é@? CHEPNIOR he
initializatiaq a i ni-ti,al 55. s t ta s 0 i ce. the estimted
timing A er rpgl? G ll‘ggrego%g the }8'13?“}561’(85?519%03211%‘?5&“%@ ‘f(%béyal]”%ﬁgf‘?}lﬁqeﬁﬁe o FIG
10 and FI G 3,ptihe it pBIagdr JomR! enenting feedback algorithm further starts
with the step”of the NCO 24 receiving 1110 the initialization value
nco_initial 55. Next, the step ofu(§enera#ing 1115 the "fractiong)

interval"” control signal (k) 24a using the initialization value nco_initial
55 and the error signal e(k) 26a is perforned.

[00106] It should be noted that the reason why the expressioh (5) can be
used successfully to generate the fractional interval u(k) 24a for the interpolator is
because the timing estimator 30 of the present embodiment is used in conjunction
with the timing recovery module 20 to estimate the initialization value nco_initial
55 which is close enough to “jump start” the timing recovery module 20 into

equilibrium mode.

[00107] Referring to FIG.8 and FIG.1, a method for fast symbol
synchronization in a communications system using a timing recovery module 20
adapted for implementing a feedback algorithm for producing a plurality of timing

recovered symbols 27 and a timing estimator adapted for implementing a

feedforward algorithm for estimating the estimated timing error 7 35 from an input
data stream comprising a plurality of received symbols, starts with the step of

receiving 910 an input data stream 5.

[00108] Next, the step of implementing 915 a feedforward algorithm to
produce an estimated timing error from the input data stream 5 is performed.

Following which, an intialization value is generated 920 for timing recovery by the

timing recovery module 20 using the estimated timing error 7 35.




[00112] The error signal e(k) 26a is usually filtered by the loop filter 25
to produce the filtered error signal S(k) 25a which is used by the NCO 24.
[00113] Next, the step of producing the plurality of interpolated synbols
23 wusing the "fractional interval" control signal (k) 24a is perforned.

[ 00114] Fol | owi ng which, the pluralityzpf i nterpol ated synbols 23 are
decimated 1125 by the decimator 21 to Uenerate the output data stream 27
using the "underflow' control signal (UDF) 24b fromthe NCO 24. 25

[00115] It wi[p010BE appriéeitaticestep hdtimplenientisg B2k fféedbidkoaigorsind to ppodueenent s
can be nmade by a person skilled in the art w thout departing fromthe
scope of the agraakpiitdaty pijeam 2drsing) the anitializatign y3lue sen fratialf Tsts perfrsaed
synchroni zation inp a conmuni cations system the systemconprising: a
timng recové’ry3}h%’a‘€ﬂgereﬁ?i‘§’|5¥€%ﬂ’df1% %eceive an input data stream of synmbols
and to output the corresponding timng-recovered synbols, and the timng
recovery nodul e further adapted for inplenenting a feedback al gorithm which

c furt ted for impl erenti: ack al gori thm
e cal - ca ol T od aerTTRLOE Y of T RSPl Al e il Bk 00 D

performance; r@otihiiaNgs EsthciBtats JAAPHE dtdp0 bf rd¥BVRBEITING 2sfiRe’l alnag d
algorithmfor 'deriving an estimated timng error fromthe data stream and

a formatter agaptedsf ogear %“ﬁii&ﬂizaﬁ&{jvahe L8R ShiiNSs H"}séti fhd7 alh o @l ue
from the estinmated timng error; erein said initialirzation value is

twice the estimpledbim 06.eF5n; Lor postiiye @biaR et i MiRaskeg s and

said initialization va
' error T 35 is positive 1025, then the initialization value 55 is set 1035 to twice the
estimated timing error 7 35. If however, the timing error 35 is negaitve 1025, then

the initialization value nco_initial 55 is set to sum of twice the estimated timing

A
error T 35 and a constant value of two.

[00111] Referring to FIG.10 and FIG.3, the step of implementing feedback
algorithm further starts with the step of the NCO 24 receiving 1110 the
initialization value nco_initial 55. Next, the step of generating 1115 the “fractional
interval” control signal p(k) 24a using the initialization value nco_initial 55 and the

error signal e(k) 26a is performed.

[00112] The error signal e(k) 26a is usually filtered by the loop filter 25 to
produce the filtered error signal 8(k) 25a which is used by the NCO 24.

[00113] Next, the step of producing the plurality of interpolated symbols 23

using the “fractional interval” control signal p(k) 24a is performed.

[00114] Following which, the plurality of interpolated symbols 23 are
decimated 1125 by the decimator 21 to generate the output data stream 27 using the
“underflow” control signal (UDF) 24b from the NCO 24,




the estimated timng error and a constant value of two for negative
estimated timng errors; and said initialization value is zero when said
estimated timng error is zero. 2. The systemof claiml, wherein the
timng recovery nodul e conprises: an interpolator for receiving the data
stream conprising a plurality of synbols, and for producing a plurality of
i nterpol ated synbols using a fractional interval control signal; a

deci mator for reducing the plurality 05 i nterpol ated synbols to produce an
out put data stream conprising a pluralléy of timng recovered synbols; 26
atimng error ct for receiving the plyrality of .interpolated synbols
and for gener éqqqﬁé%awﬁgp? Spprgg@tﬁgﬁfmqt%@pegst B}ﬁ’alf&ﬁ‘é‘%’%’?earndslg}i’ﬁ?‘feﬁﬁn@fcaﬂ@ i nput
data stream h&d@%?%@n%il%' iAYEark %Ji@abhwﬁeptaﬂingrfr&ﬂEﬂef‘é&B}r;éémE' efo!l Nt ;
a loop filter for filtering the error signal 'to produce a filtered error

si gnal ; a Numzrieatdn.y Controlled Gscillator (NCO for receiving the
filtered error signal and for generating the fractional interval control
signal using the initialization value; and the NCO further for generating
an underflow control signal for instrugtisng the loop filter, the timng
error detector and the decimator. 3. The systemof claim2, wherein the
error detector further conprises: a first stage for processing the timng

error due to an in- . Pl | i f interpol.ate
Symbol s 1 rom the | A Seng) S ge8 S5Rbalinehisfiziot B4 LBl GR R Hheng
error due to sywado@aptisieg:phase conponent of the plurality of interpolated
synbols fromthe interpolator; and the output is an error signal derived

fromthe sum of saPd'iN% FRFOETY omedyseadapisdsis Hecpﬂﬁpﬁlaé@uéﬁ& a stream ‘?f
quadr at ur e- phagsL e URPRERtSut tHe cIR&pSYdhS Mhitle-fe B R Bsyniiis, 8ha the indle" St

stage further conprises:
recovery module further adapted for implementing a feedback algorithm which

relies upon at least one estimated initialization value for initializing a numerical
controlled oscillator for improved loop acquisition and tracking performance;

a timing estimator adapted for implementing a feedforward algorithm for
deriving an estimated timing error from the data stream; and

a formatter adapted for producing said at least one initialization value from
the estimated timing error;
wherein

said initialization value is twice the estimated timing error for positive
estimated timing errors; and said initialization value is set to be the sum of twice
the estimated timing error and a constant value of two for negative estimated timing

errors; and said initialization value is zero when said estimated timing error is zero.

2. The system of claim 1, wherein the timing recovery module comprises:

an interpolator for receiving the data stream comprising a plurality of
symbols, and for producing a plurality of interpolated symbols using a fractional
interval control signal;

a decimator for reducing the plurality of interpolated symbols to produce an

output data stream comprising a plurality of timing recovered symbols;




a first delay elenent for receiving the in-phase conponent, the first delay
el ement being in series with a second del ay el enent, wherein an output of
the second delay elenent is then subtracted fromthe in-phase conponent by
a first subtractor producing a first subtracted output; further wherein an
output of the first delay element and the first subtracted output are
multiplied by a first nultiplier to produce a first stage output. 5. The
system of clainB, wherein the second s% ge further conprises: a third del ay
el enent for receiving the quadrature c ﬁponent, the third delay el enent

being in series with a fourth delay_ elenent, 27 wherein an output of the
third del ay el ement® {@ingheiFPrs{fRctorcion deqerong thePlyiahity af interpelsisdonalelvy a
second subt r agh oL QMG Y0P e36:C APFhI SHRACARE GflethOULAIing! i hBShputhaLL! N an
out put of the thi?dgdela;@g?e%ent gnd tﬁ% @%%on%.suiggg?#égr ouﬁbut are

mul ti plied by staeaecomlyaneedtar plelaged tedative dalac eptansmecemglisg pgjet; out put. 6. The
system of cl ai n®, erei.n the_loop filter .conprises: a.first nmul.tiplier for
i L bl yi ng he- er PATORTBRPT Gl P S5 HEBHAT PogNH & LRI PAM Sl
producing a first propaetiéyatodiRtied Ic%‘éﬂﬁfdrC(Nc@)gﬁalréce@i&gteﬁermt&w i)l i er
for multiplying the error signal with an integral proportional constant
for produci ngsignal rndgifer gepeiatingdther fraetianalyniatervandonirad ebigyald usingnétie adder
for addi ng th%dygﬁ%grg&auérg{ signal to a delayed error signal for
produci ng an addearery §f sigﬁal; wherein the del ayed error signal is a
feedback of the addedNeU Qirthet Giadenedahayifdinbyldf &ntd!l sighilayr st
further wherein thegﬁroportipnal nodi fied error signal and the added error
si gnal are th& lgapé4es, thetimgerior detestonanfkihe dedmatorng the filtered error
si gnal .

3. The system of claim 2, wherein the error detector further comprises:

a first stage for processing the timing error due to an in-phase component of
the plurality of interpolated symbols from the interpolator;

a second stage for processing the timing error due to a quadrature-phase
component of the plurality of interpolated symbols from the interpolator; and

the output is an error signal derived from the sum of said timing errors due

to said in-phase and quadrature-phase components.

4. The system of claim 3, wherein the first stage further comprises:

a first delay element for receiving the in-phase component, the first delay
element being in series with a second delay element,

wherein an output of the second delay element is then subtracted from the
in-phase component by a first subtractor producing a first subtracted output;
further wherein an output of the first delay element and the first subtracted output

are multiplied by a first multiplier to produce a first stage output.

5. The system of claim3, wherein the second stage further comprises:
a third delay element for receiving the quadrature component, the third

delay element being in series with a fourth delay element,



7. The system of clain2, wherein the NCO conprises: a control adder
coupled to a nodul o-two accunul ator; wherein a normalizing constant is
added to the filtered error signal by the control adder producing a
control word. 8. The system of clainv, wherein the nodul o two accumnul at or
conprises: a control subtractor for subtracting a register stored signal
fromthe control word producing a subtracted control signal; a nodul o-two
nodul e for perform ng a nodul o-two fungzion on the subtracted control
signal for nonitoring the subtracted c6ntrol signal for an wunderfl ow
condition; 28 a NCO register for torjngkthe subtr.act ed %Pntrgl si gnal and
for overwiting a PIERH GOsPUPE:rde thinddekyidanenis tan ibgaged figmeths n t he

underflow co ntqﬁQ(!lraﬁlhg Q@hﬁgﬁeﬂeﬂ@ raats%nﬁ YsubfgctBP gJ'rl'&gl;C%ﬁge) 3 g %ugtg%ciééas truct

a sanpler for sanpling and capturing the regi st si gha
sendi ng the regtmit,er stored signal to the interpolator as the fractiona

interval control signal. 9. The stemof clajm1l wherein said timng
esti mator comiHaE S eBRP ePEF BF LAk BHIch B51a ElefsRhfy thin espad SHYEHIS
function to geuguekR hifpli&Shy F8dcBAd hivligl@r & pr8luced kbt stie or path
for receiving and processing ‘an in-phase conponent of the 1nput data

stream and a second processor path for receiving and processing the
guadr at ur e- phase conponent of the input data stream 10. The system of
claim9, wherein the first processor path of said timng estinator

conpri ses: 6. The system of claim?2, wherein the loop filter comprises:

a first multiplier for multiplying the error signal with a loop proportional
constant for producing a first proportional modified error signal;

a second multiplier for multiplying the error signal with an integral
proportional constant for producing an integral modified error signal; and

a delayed signal adder for adding the integral error signal to a delayed error
signal for producing an added error signal;

wherein the delayed error signal is a feedback of the added error signal
delayed by an error delay element;

further wherein the proportional modified error signal and the added error

signal are then added in a loop filter adder producing the filtered error signal.

7. The system of claim2, wherein the NCO comprises:
a control adder coupled to a modulo-two accumulator;
wherein a normalizing constant is added to the filtered error signal by the

control adder producing a control word.

8. The system of claim7, wherein the modulo two accumulator comprises:

a control subtractor for subtracting a register stored signal from the control
word producing a subtracted control signal;

a modulo-two module for performing a modulo-two function on the
subtracted control signal for monitoring the subtracted control signal for an

underflow condition;



a first delay element for receiving the in-phase conponent, the first del ay
el ement having an output coupled to a first nultiplier; the first

mul tiplier further coupled to the in-phase conponent for rmultiplication of
t he i n-phase conponent and the output of the first delay el enent; a second
mul tiplier having two inputs coupled to the in-phase conponent for
produci ng an out put equal to square of the in-phase conponent. 11. The
system of claim 10, wherein the second Processor path of said timng
estimator conprises: a third nultiplie% having two i nputs coupled to the

guadr at ur e- phase ¢ nent. for producing an qut put, equal square. of the
quadr at ur e- phase égﬁﬁgﬁ@ﬁgFr§§S(5“§é B8 tH@?@V”EV@ﬁE?P?WﬁiﬁFéW@WVFH@ t he

input of the guadially SoRAITGrLRINANEDE sighdte second del ay el ement having an
out put coupled'to a fourth nmultiplier t%e fourth multiplier coupled to the
quadr at ur e- phase copemerihe funderflomt tcoplrolc sighalnisnpértergied bat thenmoflulokteo

quadr at ur e- phas onponent with the uadr at yr e- phase, conponent fromthe
second del ay g}og ntP.mgﬁl.C% %ﬁ%‘@&%?@%ﬁ%}ﬁ@gﬁ ch‘%\‘im%rﬂé‘? FretsiE Sf‘?rﬁ‘; signal
estimator furbhekediiiheS8SisteR sfokddS4ioRd 46 th& RERHEMr Qs e Attt Ul idrvilhe
first multiplier and the output of %he fourth multiplier; a second adder
coupl ed to theowtalsignalbf the third multiplier and the output of the second
mul tiplier, the output of the second adder being coupled to a fifth
multiplier for multiplying wwth a set value froma nultiplexor, the set
value being either 1 or -1; the set value being further coupled to a sixth

multiplier for multiplying with L . .
9. The system of claim 1 wherein said timing estimator comprises:

a CORDIC processor for performing an arctangent function to generate the
estimated timing error;

a first processor path for receiving and processing an in-phase component of
the input data stream; and

a second processor path for receiving and processing the quadrature-phase

component of the input data stream.

10.  The system of claim 9, wherein the first processor path of said timing
estimator comprises:

a first delay element for receiving the in-phase component, the first delay
element having an output coupled to a first multiplier;

the first multiplier further coupled to the in-phase component for
multiplication of the in-phase component and the output of the first delay element;

a second multiplier having two inputs coupled to the in-phase component

for producing an output equal to square of the in-phase component.

11.  The system of claim 10, wherein the second processor path of said timing
eStimator comprises:

a third multiplier having two inputs coupled to the quadrature-phase
component for producing an output equal to square of the quadrature-phase

component;




an output of the first adder; a third adder coupled to the output of the
sixth nmultiplier and an output of a third delay elenent, the third del ay
el enent receiving input fromthe output of the third adder; and a fourth
adder coupled to the output of the fifth nultipler and an output of a
fourth delay elenment, the fourth delay el enent receiving input fromthe
output of the fourth adder; 13. The system of claim 12 wherein the out put
of the third delay elenent and the oufput of the fourth delay el enent
bei ng coupled to the CORDIC processor. 14. A nmethod for fast synbol

synchroni zation in a co icati ons system, usjng a timng recovery nodul e
adapted for inpl en‘érf???ﬂjimge Pléef'gﬁﬁ%‘ﬁ %F dS‘FqlYIH%nt#“brmp%r%d@Ei‘i’r&dﬁmﬁfs@ aFity of

timng recovergdpGibols aRend deldy @Q:n?e%“ﬂ@%lgra@%%ﬁdcouégd tdml efR@ti ng a
feedf orward algorithmfor estimati'ng an estinated timng error fromthe
i nput dat a st madtimlier he met hod conprising the steps: 30 a) receiving input

data stream b) inplenentin feedf orward al gorithmt roduce an
estimated tining e O?C?"Ih’r 6‘rg‘t‘flﬁﬂ °Ti ﬁ%‘fﬂl\é%é? a&@t ﬂ‘éaéiﬁ?tuﬁﬁﬁgﬁecrogmoﬁﬁmaﬁ’r
initializati omutedliegtidOr muitiplieSidECoV ahy Bi¥adeathrelfhas: ' &mREN: WRKIULR using
the estimated timng error; and said initialization value is set to zero

i f the esti mafeafiratpierphgseeqrapotiest Gemehe sesonddday elamestai d i nitial i zati on
value is set to twice the estimated timng error if the estimated timng
error is positive; and said initialization value is set to be the sum of

twi ce the estizmt eThé kystengofElai 1 aMhetein HRNBAAH bstiddtoefubthet dnprised: he
estimated timng error is negative. d) inplenenting a feedback algorithmto
produce an out put #&W# addereerplad tegthe omeput of thealinst Byvitintiey andighe output of

the fourth multiplier;

a second adder coupled to the output of the third multiplier and the output
of the second multiplier, the output of the second adder being coupled to a fifth
multiplier for multiplying with a set value from a multiplexor, the set value being
either 1 or —1;

the set value being further coupled to a sixth multiplier for multiplying with
an output of the first adder;

a third adder coupled to the output of the sixth multiplier and an output of a
third delay element, the third delay element receiving input from the .output of the
third adder; and

a fourth adder coupled to the output of the fifth multipler and an output of a
fourth delay element, the fourth delay element receiving input from the output of

the fourth adder;

13. The system of claim 12 wherein the output of the third delay element and
the output of the fourth delay element being coupled to the CORDIC processor.

14. A method for fast symbol synchronization in a communications system
using a timing recovery module adapted for implementing a feedback algorithm for
producing a plurality of timing recovered symbols and a timing estimator adapted
for implementing a feedforward algorithm for estimating an estimated timing error

from the input data stream, the method comprising the steps:




15. The method of claim 14, wherein the step d) further conprising: dl)
receiving the initialization value; d2) generating a fractional interval
control signal using the initialization value and an error signal by a
Nunerically Contolled Gscillator (NCO; d3) producing a plurality of

I nterpol ated synbols fromthe input data stream using the fractiona

I nterval control signal; and d4) decimating the plurality of interpolated
synbol s to generate an out put data stg&an1using an underfl ow contro

si gnal generated by the NCO

a) receiving input data stream;

b) implementing a feedforward algorithm to produce an estimated timing error
from the input data stream;

c) generating an initialization value for timing recovery by a timing recovery
module using the estimated timing error; and said initialization value is set to zero
if the estimated timing error is equal to zero; and said initialization value is set to
twice the estimated timing error if the estimated timing error is positive; and said
initialization value is set to be the sum of twice the estimated timing error and a
constant value of two if the estimated timing error is negative.

d) implementing a feedback algorithm to produce an output data stream using

the initialization value.

15.  The method of claim 14, wherein the step d) further comprising:

dl)  receiving the initialization value;

d2)  generating a fractional interval control signal using the initialization value
and an error signal by a Numerically Contolled Oscillator (NCO);

d3)  producing a plurality of interpolated symbols from the input data stream
using the fractional interval control signal; and

d4)  decimating the plurality of interpolated symbols to generate an output data

stream using an underflow control signal generated by the NCO.




